Context. A previous study of F and G main-sequence stars in the solar neighborhood has revealed the existence of two distinct halo populations with a clear separation in [α/Fe] for the metallicity range −1.4 < [Fe/H]< −0.7. Taking into account the kinematics and ages of the stars, some Galactic formation models suggest that the 'high-alpha' halo stars were formed in situ, whereas the 'low-alpha' stars have been accreted from satellite galaxies. Aims. In this paper we investigate if there is a systematic difference in the lithium abundances of stars belonging to the high-and low-alpha halo populations. Methods. Equivalent widths of the Li i 6707.8 Å resonance line are measured from high resolution VLT/UVES and NOT/FIES spectra and used to derive Li abundances on the basis of MARCS model atmospheres. Furthermore, masses of the stars are determined from the log T eff -log g diagram by interpolating between evolutionary tracks based on Yonsei-Yale models.
Introduction
The discovery by Spite & Spite (1982a , 1982b ) of a uniform lithium abundance in halo dwarf and subgiant stars with effective temperatures T eff > ∼ 5700 K has led to important advances in the fields of stellar physics and Big Bang nucleosynthesis. Recent works on lithium abundances in very metal-poor stars raise, however, severe problems in our understanding of how lithium was synthesized in the Big Bang and subsequently destroyed in stars.
The work of Spite & Spite (1982b) showed that eight halo stars with 5700 < T eff < 6300 K and −2.4 < [Fe/H] < −1.4 have an average lithium abundance A(Li) = log(N Li /N H ) + 12 = 2.06 with a rms dispersion of 0.10 dex and no significant trends as a function of T eff or [Fe/H] . Later, this so-called 'Spite plateau' has been confirmed for larger samples of halo stars (e.g. Molaro et al. 1995; Spite et al. 1996) . More recently, a very precise determination of lithium isotopic abundances by Asplund et al.
⋆ Based on observations made with the Nordic Optical Telescope on La Palma, and on data from the European Southern Observatory ESO/ST-ECF Science Archive Facility (programs 65.L-0507, 67.D-0086, 67.D-0439, 68.D-0094, 68.B-0475, 69.D-0679, 70.D-0474, 71.B-0529, 72.B-0585, 76.B-0133 and 77.B-0507) . ⋆⋆ Table 1 is provided as online material and is available in electronic form at http://www.aanda.org. (2006) showed A(Li) to be constant at 2.23 in the metallicity range −2.5 < [Fe/H] < −1.4 with a dispersion of 0.03 dex only. A revised T eff -scale explains the higher Li-plateau abundance as compared to Spite & Spite (1982b) . Furthermore, Asplund et al. find that the bulk of lithium (i.e. more than ∼ 95%) consists of the 7 Li isotope.
Although the data of Asplund et al. (2006) support the existence of a Li-plateau from −2.5 to −1.4 in [Fe/H] , there is a a hint of a decline of A(Li) for five stars with [Fe/H] < −2.5. This is in agreement with an earlier investigation by Ryan et al. (1999) , who found a dependence of A(Li) on metallicity for a sample of 23 very metal-poor halo stars; A(Li) declines from 2.15 at [Fe/H] = −2.5 to 2.03 at [Fe/H] = −3.5. Several recent works (Boesgaard et al. 2005 , Bonifacio et al. 2007 Aoki et. al. 2009; Sbordone et al. 2010 ) also suggest a 'melt-down' of the Spite plateau by finding a decrease and/or increased scatter in A(Li) as a function of decreasing metallicity below [Fe/H] ≃ −2.5. In this connection, the work of Meléndez et al. (2010) is of particular interest. For a sample of 88 dwarf halo stars with −3.5 < [Fe/H] < −1.0 having precise measurements of the equivalent width of the 6707.8 Å Li i line, they find a break in A(Li) at [Fe/H] ≃ −2.5. Above this metallicity, the stars distribute around a plateau at A(Li) = 2.27, whereas stars in the metallicity range −3.5 < [Fe/H] < −2.5 have an average lithium abundance of A(Li) = 2.18. This two-step distribution of A(Li) is particularly striking if one selects stars according to a metallicity dependent limit in T eff (see Fig. 3 in Meléndez et al. 2010) . Apparently, the scatter in A(Li) below [Fe/H] ≃ −2.5, as found in some of the works cited above, is due to an increased degree of lithium depletion in the lower-mass stars.
The Spite plateau was originally interpreted as evidence of the primordial lithium abundance and used to constrain the baryon density in the Big Bang from nucleosynthesis calculations. Adopting the WMAP value of the cosmic baryon density (Komatsu et al. 2011) , standard Big Bang nucleosynthesis predicts, however, a primordial lithium abundance, A( 7 Li) = 2.72 ± 0.06 (Cyburt et al. 2008; Coc et al. 2012) , i.e. about a factor of three higher than the abundance corresponding to the Li-plateau.
A possible explanation of this so-called 'lithium problem' could be that lithium in the atmospheres of stars on the Spite plateau is depleted by gravitational settling and/or by mixing with gas from layers with such a high temperature (T > ∼ 2.5 10 6 K) that Li is destroyed by reactions with protons. Stellar models including rotational induced mixing (Pinsonneault et al. 1999; Piau 2008) , atomic diffusion (Salaris & Weiss 2001; Richard et al. 2002) and internal gravity waves (Talon & Charbonnel 2004 ) predict a significant Li depletion, but they have difficulties in explaining a depletion of 0.5 dex and a Liplateau with very little scatter in A(Li). The models of Richard et al. (2005) , which include atomic and turbulent diffusion, are more successful, when a free parameter describing the degree of turbulent mixing is optimized. It remains, however, to be seen if such models can explain the decline in A(Li) for [Fe/H] < ∼ −2.5; Richard et al. argue in fact that Li depletion in stars on the main sequence does not depend on metallicity.
In addition to 'in situ' stellar depletion of lithium, Piau et al. (2006) suggest that the Li abundance of gas in the Galactic halo may have been reduced by nuclear burning in massive, zerometallicity (Population III) stars before low-mass stars on the Spite plateau formed. The decline and/or increased scatter of A(Li) at low metallicity, could then be due to incomplete mixing of gas and preferential star formation in the vicinity of supernovae when [Fe/H] < ∼ −2.5. In order to obtain a significant reduction of the primordial lithium abundance, say 0.3 dex, about 50 % of the gas in the early halo has to pass through Pop III stars. If these stars have masses in the range 10 -40 M ⊙ and current nucleosynthesis models are correct, they would, however, produce an excessive amount of CNO elements compared to the observed abundances in metal-poor halo stars (Prantzos 2007) . Very massive stars collapsing as black holes would be better candidates provided that they eject their Li-depleted envelope, but not the metal-rich core.
A more radical solution of the lithium problem may be found if decaying supersymmetric particles play a role in Big Bang nucleosynthesis (BBN). For the right combination of the properties of such putative particles, the abundance of lithium can be reduced to a level that agrees with A(Li) in stars on the Spite plateau (see review by Fields 2011) without spoiling the agreement between the deuterium abundance calculated from standard BBN and that measured in quasar absorption line systems (Pettini et al. 2008 ). However, non-standard BBN cannot explain the dependence of A(Li) on metallicity below [Fe/H] ∼ −2.5, so some stellar depletion or Galactic astration of lithium must be present.
It is clear from this discussion that the lithium problem is far from being solved and that new observations and further theoretical works in the fields of stellar physics, Galactic evolution and primordial nucleosynthesis are needed. Regarding new observational data, we note that recent efforts have concentrated on lithium abundances in very metal-poor stars, whereas the metalrich end of the Spite plateau has been somewhat neglected. In the present paper, we try to remedy this by making a study of Li abundances in a sample of halo and thick-disk main-sequence stars with −1.6 < [Fe/H] < −0.4 for which we have previously determined precise abundances of a number of elements from Na to Ba (Nissen & Schuster 2010 , 2011 hereafter Papers I and II) (Schuster et al. 2012, Paper III) of the stars suggest that the high-alpha halo stars were formed in situ in the inner regions of the Galaxy, whereas the low-alpha stars were accreted from satellite galaxies. Hence, we have a unique possibility to see if lithium abundances of stars formed in different environments are the same, which is of particular interest in connection with the suggestion of Piau et al. (2006) of lithium destruction in an early generation of massive stars. Furthermore, the sample of stars allows us to investigate trends of A(Li) as a function of stellar mass and heavy-element abundance, which may be used to constrain theories of lithium depletion in stars.
In Sect. 2, we describe how the lithium abundance A(Li), stellar mass M, and total heavy-element mass fraction Z are determined and check the errors of these parameters by comparing with Meléndez et al. (2010) for 24 stars in common. In Sect. 3, the dependence of A(Li) on M and Z is investigated. In Sect. 5, the results are discussed and some concluding remarks are given in Sect. 6.
Determination of A(Li), M, and Z

Lithium abundances
The abundance of Li is determined from the equivalent width (EW) of the Li i λ6707.8 resonance line as measured in highresolution spectra obtained with UVES at the ESO/VLT and FIES at the Nordic Optical Telescope. For a more detailed description of these spectra we refer to Paper I. The signal-to-noise (S /N) of the UVES spectra is very high, i. e. ranging from about 200 to 600, but some of the UVES spectra suffer from a small residual fringing at the wavelength of the Li i line. The FIES spectra have lower S /N (140 to 200) but are free from fringing. The typical 1-sigma error of an EW measurement is estimated to be ±1 mÅ. This is confirmed by comparing data for six stars observed with both UVES and FIES (see Paper I, Table 2 ). The mean difference (FIES − UVES) is 0.2 mÅ with a rms deviation of 1.1 mÅ. There is also very good agreement with ; for 24 stars in common, the mean EW difference is 0.02 mÅ and the rms deviation is 1.0 mÅ.
The measured equivalent widths are given in Table 1 . For 25 stars, the Li i line could not be detected. Instead, two-sigma upper limits, as estimated from the S /N of the spectrum, are given. Furthermore, one star in Paper I (HD 17820) is excluded, because the Li i line is strongly disturbed by a cosmic ray hit.
For each star a model atmosphere has been obtained from the MARCS grid (Gustafsson et al. 2008 ) by interpolating to the T eff , log g, [Fe/H] , and [α/Fe] values of the star. The Uppsala program BSYN is used to calculate the profile and equivalent width of the Li i λ6707.8 line as a function of A(Li) assuming local thermodynamic equilibrium (LTE). Interpolation to the observed EW-value then yields A(Li).
The wavelengths and g f -values of the hyperfine components of the Li i λ6707.8 line are adopted from Sansonetti et al. (1995) and Yan & Drake (1995) ; see Smith et al. (1998, Li ratio is on the order of 5%, as found by Asplund et al. (2006) for some stars, the profile of the Li line will be slightly broader than calculated, but the EW is practically the same for a given total lithium abundance, because the Li line is far from being saturated. In practice, we are therefore determining the total lithium abundance. With the resolutions of the spectrographs applied, R = 60 000 for UVES and R = 40 000 for FIES, it is not possible to detect 6 Li at a level of 5 %, but from the relation between the centerof-gravity (cog) wavelength of the Li i line and the 6 Li fraction (Smith et al. 1998 , Eq. 1), the measured cog-wavelengths indicate that the 6 Li/ 7 Li ratio is less than about 10%. Effective temperatures and surface gravities are determined spectroscopically, i.e. T eff from the excitation balance of weak Fe i lines and log g from the ratio of iron abundances derived from Fe i and Fe ii lines. As described in Paper I, the zero points for these parameters are set by two nearby, unreddened 'standard' stars, HD 22879 and HD 76932. Their effective temperatures were determined from the color indices (b−y) and (V −K) using the calibrations of Ramírez & Meléndez (2005) . The recent more accurate calibrations by Casagrande et al. (2010) shows, however, a systematic offset of about +100 K in T eff relative to the Ramírez & Meléndez values for stars with [Fe/H] > −2.0 and 4800 < T eff < 6200 K. We have, therefore, increased the T eff values given in Paper I by 100 K. As discussed in Paper III, this leads to a systematic correction of +0.03 dex of log g and corrections of [Fe/H] ranging from about −0.03 dex at T eff = 5400 K to +0.01 dex at T eff = 6100 K, whereas the correction of The derived LTE lithium abundances are given in Table 1 together with the adopted model atmosphere parameters, T eff , log g, [Fe/H] , and [α/Fe]. The table also lists non-LTE lithium abundances based on the NLTE − LTE corrections calculated by Lind et al. (2009) for 1D MARCS models and collisional cross sections from Barklem et al. (2003) . These corrections depend mainly on the effective temperature and range from about +0.04 dex at T eff = 5400 K to −0.06 dex at T eff = 6100 K. 3D non-LTE calculations are not available for the metallicities of our stars, but for a sample of very metal-poor stars Sbordone et al. (2010) find only small differences in A(Li) (±0.02 dex), when 1D LTE and 3D NLTE analyses are compared.
The error of A(Li) is mainly caused by the error of T eff . In Paper III, the one-sigma error of the differential T eff values was estimated to be on the order of ±30 K from a comparison of our spectroscopic temperatures with values determined from (b−y) and (V −K) for a sample 44 stars that are unreddened according to the absence of interstellar Na i D lines. The corresponding error of A(Li) is 0.025 dex. Adding the small error arising from the EW measurements, we arrive at a statistical error of ±0.03 dex in A(Li) if the equivalent width of the Li i λ6707.8 line is greater than about 20 mÅ.
To check the accuracy of our Li abundances, we have compared with Meléndez et al. (2010) for 24 stars in common using a slightly revised version of their Table 1 (Meléndez et al. 2012 , Fig. 1 . Differences between Li abundances in Meléndez et al. (2012, in preparation) and in this paper versus the corresponding differences in T eff .
in preparation). MARCS models are also used to derive their abundances, but T eff is determined with the infrared flux method (IRFM) as implemented by Casagrande et al. (2010) and with the use of interstellar Na i D lines to estimate the reddening. The mean difference (Meléndez -this paper) is <∆A(Li)> = 0.022 with a scatter of σ = 0.054 dex, which corresponds quite well to the estimated errors of A(Li), i.e. ±0.035 in Meléndez et al. (2010) and ±0.030 dex in this paper.
As seen from Fig. 1 , the differences in A(Li) are closely correlated with the corresponding differences in T eff ; the scatter around the regression line (∆A(Li) = −0.016 + 0.00075 ∆T eff ) is only 0.021 dex. This shows that the differences in A(Li) between Meléndez et al. and this paper are mainly caused by differences in T eff with only a small contribution coming from the differences in the measured equivalent widths of the Li i λ6707.8 line.
The mean deviation in effective temperature (Meléndez -this paper) is < ∆T eff > = 51 K with σ = 66 K. A comparison with Casagrande et al. (2010) for 43 stars in common results, however, in a smaller mean difference (Casagrande -this paper) < ∆T eff > = 16 K with σ = 61 K. Furthermore, a comparison with the IRFM temperatures of González Hernández & Bonifacio (2009) for 45 stars in common gives a mean difference (Gonzalez -this paper) <∆T eff > = −16 K with σ = 81 K. Altogether, we estimate that the uncertainty of the T eff -scale is on the order of ±50 K. The corresponding error of A(Li) is about 0.04 dex.
Stellar mass and heavy-element fraction
Stellar masses have been determined from the Y 2 (Yonsei -Yale) evolutionary tracks published by Yi et al. (2003) . Their stellar models include convective core overshoot and helium diffusion, and tracks are available for a set of total heavy-element mass fraction, ranging from Z = 0.00001 to Z = 0.08. The helium mass fraction is given by Y = 0.23 + 2.0 Z, and the tracks are computed for [α/Fe]= 0.0, 0.3 and 0.6. Oxygen is considered as an alpha-element, whereas carbon and nitrogen are assumed to follow iron.
For a given value of Z, the three available Meléndez et al. (2012, in preparation) and in this paper versus the corresponding differences in T eff .
to Z star followed the procedure adopted for the Y 2 tracks and isochrones (Kim et al. 2002, Table 2) . It is based on a solar abundance distribution (Grevesse & Noels 1993) corresponding to Z ⊙ = 0.0181, whereas the more recent 3D, non-LTE solar abundance distribution determined by Asplund et al. (2009) corresponds to Z ⊙ = 0.0134. If this smaller value of the solar heavyelement fraction had been adopted, the stellar Z values would decrease by 25%, and the derived masses would change somewhat, although we expect the effect on the relative masses to be small. When stellar evolutionary tracks based on the Asplund et al. (2009) abundance distribution become available, improved masses can be derived. The recent Geneva model grid (Mowlavi et al. 2012 ) is based on this distribution, but is limited to Z values from 0.006 to 0.04, an interval which covers only a small fraction of our stars.
As discussed in Paper III, there is a small systematic offset in log g between the Y 2 isochrones and our nearly unevolved (T eff < 5600 K) main-sequence stars. The reason for this is unclear, but could be related to a change of the mixing length parameter as a function of metallicity. To avoid this mismatch we have introduced a correction of −0.13 dex to the log g values of the Y 2 models before using the evolutionary tracks to determine stellar masses.
The derived masses in units of the solar mass are given in Table 1 Meléndez et al. (2010) also derived stellar masses from the Y 2 models using both log g and absolute magnitudes (determined from Hipparcos parallaxes) in combination with log T eff .
[α/Fe] is assumed to be +0.3 in all stars with [Fe/H] < −1.0, which is close to the average value (+0.27) for the 24 stars in common with our study. The mean mass difference (Meléndez -this paper) is <M/M ⊙ > = 0.014 with σ = 0.028, which supports a statistical error for M/M ⊙ on the order of ±0.02 in both works. As seen from Fig. 2 , the differences between the two sets of derived masses are closely correlated with the corresponding differences in T eff . The scatter around the regression line (∆M/M ⊙ = −0.0047 + 0.00036 ∆T eff ) is only ±0.014M/M ⊙ . 
Lithium versus mass and heavy-element fraction
In Fig. 3 , the Li abundances for all stars in Table 1 are plotted against the heavy-element mass fraction with different symbols for the four mass ranges indicated. Disregarding 25 stars with an upper limit for the Li abundance, it is seen that A(Li) depends in a systematic way on mass and Z. A(Li) decreases when Z increases, and for a given Z-value, A(Li) decreases with decreasing mass. Corresponding relations have been obtained by Ryan & Deliyannis (1998) and Boesgaard et al. (2005) , who used T eff for main-sequence stars as a substitute for mass, and by Meléndez et al. (2010) , who investigated A(Li) as a function of mass for selected metallicity groups. Fig. 4 shows in more detail how the measured lithium abundances depend on Z for the four mass ranges indicated. Stars for which the Li line could not be detected are excluded from this figure. For a given mass, A(Li) varies approximately linearly with Z but the slope becomes steeper with decreasing stellar mass. As seen from Fig. 5 , the dependence of A(Li) on mass is also close to linear for a given Z-value. This suggests that A(Li) can be fitted with a function
where a 0 , a 1 , a 2 , and a 3 are constants. Taking into account the estimated errors, σ (A(Li)) = 0.03, σ (M/M ⊙ ) = 0.02, and σ (log Z) = 0.04, chi-square minimization leads to the expression
where M is in units of the solar mass, and NLTE Li abundances have been applied. This fit, which is obtained for 59 stars having 0.7 < M/M ⊙ < 0.90 and Z < 0.006, has a reduced chi-square of χ 2 red = 1.12. One star, G 16-20, within these ranges is excluded, because it has a 5.5-sigma deviation in A(Li). If this star is included in the fit, the chi-square rises to an unacceptably high value of χ 2 red = 1.71. G 16-20 is the most evolved star in the sample (log g = 3.64), so lithium may have been diluted due to the deepening of the convection zone as the star evolved up along the subgiant branch. 2) is shown as a straight line corresponding to the mean mass of the group indicated at the line. The dashed line shows the sum of the primordial Li abundance predicted from standard BBN calculations and 7 Li made in the Galaxy due to cosmic ray and stellar nucleosynthesis reactions according to Prantzos (2007) . The fit in Eq. (2) is shown as straight lines in Fig. 4 for the mean values of M for each of the four mass intervals, and in Fig.  5 for the mean values of Z of the three metallicity groups. Some of the dispersion around these lines is due to the ranges in M and Z, respectively, for each group. The quality of the fit in Eq. 2 can be better seen from Fig. 6 , where the residuals are shown as a function of the heavy-element fraction with individual error bars given. As seen, the error of ∆ = A(Li) − A(Li) fit increases with increasing Z, which is related to the fact that both the massinduced error
and the Z-induced error (4) increase with Z. As seen from Fig. 6 , stars with 0.0015 < Z < 0.003 tend to have positive residuals from the fit in Eq. (2), whereas stars with Z > 0.004 have negative residuals. This suggests that there is a small curvature in the relation between A(Li) and Z, which is not taken care of in the fit. If the residuals are fitted with a parabola as shown with the dashed line in Fig. 6 , the reduced chi-square decreases slightly, i.e. from χ 2 red = 1.12 to 1.03. Some of the stars with a non-detectable λ6707.8 Li i line have an upper limit of A(Li) much below the value predicted from Eq. (2). In a few cases we may identify the reason for the low lithium abundance. Three such stars are marked in Fig. 3 . G 96-20 and HD 106516 have masses around one solar mass, and may be blue stragglers; they are significantly bluer than the turn-off of halo and thick-disk stars with similar metallicities (Carney et al. 2005 ). Thus, their low lithium abundance could be due to merging with a companion star causing Li-depleted gas to be mixed into the stellar atmosphere. The third star, G 24-25, is an s-process rich star probably due to mass transfer from a former AGB component (Shu et al. 2012) , which also brings Lidepleted gas into the atmosphere. HD 106516 and G 24-25 are single-lined spectroscopic binaries (Latham et al. 2002; Ducati et al. 2011 ) supporting the mass transfer hypothesis as an explanation of the abnormally low lithium abundance.
As noted in the last column of Table 1 several other stars are single-lined spectroscopic binaries, and five stars are visual binaries according to the Hipparcos catalogue (ESA 1997) with components so close (within about one arcsec) that the component may have affected the observed spectrum. None of these binary stars stand out with respect to the lithium abundance. HD 219617 is a particularly interesting case. According to Takeda & TakadaHidai (2011) , the two components have nearly the same magnitudes (V = 8.77 and 9.08) and are separated by 0.8 arcsec. The VLT/UVES spectrum of this star was obtained with a 0.8 arcsec slit under rather poor seeing conditions, and is thus an unspecified average of the two spectra.
Discussion
According to standard models of F and G main-sequence stars (e.g. Deliyannis et al. 1990 ), the depth and thus the temperature at the bottom of the upper convection zone increase when the stellar mass decreases. Hence, the destruction of Li by reactions with protons becomes more effective as the mass decreases, which explains the dependence of A(Li) on stellar mass seen in Fig. 5 . Models including mixing and diffusion (Pinsonneault et al. 1999; Salaris & Weiss 2001; Richard et al. 2005 ) also predict a mass dependence of A(Li) qualitatively similar to what is seen in Fig. 5 . It remains, however, to be seen if these models can also reproduce the observed dependence of A(Li) on Z for a given mass (Fig. 4) . In any case, the trend of A(Li) as a function of mass and Z sets important constraints on stellar modelling.
It should be emphasized that the relation between A(Li), M, and Z given in Eq. (2) is only valid for main-sequence stars with 0.7 < M/M ⊙ < 0.9 and 0.001 < ∼ Z < 0.006 and with a lithium line detected. For stars more metal-rich than Z = 0.006 2 , A(Li) shows a large scatter at a given mass and Z, which can be seen from Fig. 3 . Obviously, other parameters than M and Z affect the depletion of lithium for these more metal-rich stars. A similar result has been obtained for F and G main-sequence stars belonging to the Galactic disk by Chen et al. (2001) and Lambert & Reddy (2004) , who discuss if age and/or initial angular momentum play a role. The disk stars span a large range in age, i.e. they have had different times to deplete lithium, and the recent work by Baumann et al. (2010) on lithium abundances of solar twins shows that A(Li) depends quite steeply on age. The halo and thick-disk stars in our sample have, however, rather uniform ages, i.e. 10 -13 Gyr as shown in Paper III, and it seems unlikely that differences in age could be the reason of the large scatter in A(Li) for stars with 0.006 < Z < 0.012.
As seen from Fig. 4 , the value of A(Li) Z=0 , obtained by extrapolating Eq. (2) to Z = 0 for a given mass, is nearly independent of mass. For the mean mass of the sample, <M>= 0.80 M ⊙ , we obtain A(Li) Z=0 = 2.58 ± 0.04, where the (1-sigma) error is determined from the chi-square analysis used to derive Eq. (2). The uncertainty of the T eff -scale (±50 K) introduces an additional systematic uncertainty of ±0.04 dex. Had we, instead, adopted the parabolic fit shown in Fig. 6 , A(Li) Z=0 would be lowered by 0.14 dex, but this gives too much weight to the high-Z stars in the extrapolation. An alternative approach is to limit the linear fit to stars with Z < 0.003, which results in a decrease of A(Li) Z=0 by 0.08 dex relative to the value obtained when using Eq. (2) for the extrapolation. On the other hand, if the fit is based on the LTE lithium abundances, which would be more in line with the small 3D, non-LTE corrections of Sbordone et al. (2010) , A(Li) Z=0 increases by approximately 0.08 dex. Altogether, we estimate A(Li) Z=0 = 2.58 ± 0.04 stat ± 0.10 syst .
Considering the uncertainties, this value is in reasonable agreement with the primordial 7 Li abundance A( 7 Li) prim = 2.72 ± 0.06 (6) predicted from standard BBN calculations (Cyburt et al. 2008; Coc et al. 2012 ) and the WMAP baryon density (Komatsu et al. 2011) . The derived lithium abundances, therefore, seem compatible with a scenario where the metal-rich halo stars were formed out of gas having a lithium abundance equal to that predicted from standard BBN plus a contribution from Galactic processes followed by depletion of lithium in the stellar atmospheres depending approximately linearly on mass and Z. The Galactic evolution of 7 Li, due to cosmic ray processes (i.e. p + CNO and α + α) and Li production in AGB stars and novae, has been modelled by Prantzos (2007) and is shown as a dashed line in Fig. 4 . As seen, the Galactic contribution to 7 Li is small compared to the primordial value and increases linearly with Z. There is also a small contribution to 6 Li from cosmic ray processes but since this isotope is much more fragile to proton reactions than 7 Li, the abundance of 6 Li will be negligible, even for a small degree of 7 Li destruction. By extension of this scenario to more metal-poor halo stars, we would expect that the difference between the lithium abundance measured for stars on the Spite plateau and that predicted from standard BBN and the WMAP baryon density is also due to Li depletion in the stars. The simple linear relation between A(Li), M, and Z derived for stars with 0.001 < ∼ Z < 0.006 is, however, not valid for more metal-poor stars. This can be seen from Fig. 7 , where we have included stars from Meléndez et al. (2012, in preparation) . For Z > ∼ 0.001, the Meléndez et al. stars agree well with our fit, but at lower metallicities, the Li abundances fall below the values expected from Eq. (2). On the Spite plateau (0.0001 < ∼ Z < ∼ 0.001), A(Li) − A(Li) fit is nearly independent of mass and Z, but at the lowest metallicities (Z < ∼ 0.0001) A(Li) − A(Li) fit varies among the stars. Interestingly, the work of Meléndez et al. (2010) suggests that this scatter is related to differences in stellar masses.
As seen from Fig. 6 , the distribution of the residuals of the fit given in Eq. (2) is nearly the same for high-and low-alpha halo stars. Given that the high-alpha stars are likely to have been formed in situ in the inner part of the Galaxy, whereas the lowalpha ones were accreted from satellite galaxies (Purcell et al. 2010; Zolotov et al. 2009 Zolotov et al. , 2010 , this means that stars belonging to such different systems were formed with the same Li abundance, and later depleted lithium in the same way as a function of mass and Z. This result is difficult to reconcile with the pro-posal by Piau et al. (2006) of astration of lithium in an early generation of massive, zero-metallicity Pop. III stars. It would require that the same mass fraction of interstellar gas has been processed by massive stars in the inner part of the Galaxy and in satellite galaxies.
The similarity of Li abundances in high-and low-alpha halo stars may seem surprising in view of the recent study of beryllium by Tan & Zhao (2011) . At a given [α/H] abundance, they find the low-alpha stars to be systematically underabundant in Be relative to the high-alpha stars. The difference in A(Be) is about 0.2 dex. Since Be is produced by cosmic ray processes, i.e. CNO nuclei impinging on interstellar H and He, the explanation of the lower Be abundance in low-alpha stars may be that the cosmic ray nucleosynthesis is less efficient in dwarf satellite galaxies than in the inner part of the Galaxy (Prantzos 2012) . This would also lead to a lower cosmic ray production of lithium, but since the Galactic part of the initial stellar abundance of lithium is small compared to the primordial part, it will have only a marginal effect on the measured stellar lithium abundances.
According to Paper III, the high-alpha halo stars have ages 2 -3 Gyr larger than the low-alpha ones. Thus, the high-alpha stars have had more time to deplete lithium than low-alpha stars.
As we see no significant difference in their Li abundances, this suggests that Li depletion mainly occurred in an early stage of the stellar evolution, i.e. either in the pre-main-sequence phase or near the zero-age main sequence before the star evolved up towards the turn-off region.
Concluding remarks
In this paper, we have made a precise, homogeneous study of lithium abundances in a sample of main-sequence stars for which a previous study (Paper I) has revealed the existence of two distinct halo populations with different trends of [α/Fe] for the metallicity range −1.4 < [Fe/H] < −0.7. The kinematics of the stars and Galactic formation models suggest that the low-alpha stars have been accreted from satellite galaxies, including the progenitor of ω Cen, whereas the high-alpha stars were formed in situ in the disk or bulge and later displaced to the halo by the merging dwarf galaxies (Purcell et al. 2010; Zolotov et al. 2009 Zolotov et al. , 2010 .
Precise values of the heavy-element mass fraction, Z, have been determined from [Fe/H] and [α/Fe] , and stellar masses from the log T eff -log g diagram by interpolating between the Y 2 (Yi et al. 2003) evolutionary tracks. For the large majority of stars with 0.7 < M/M ⊙ < 0.9 and 0.001 < ∼ Z < 0.006 (corresponding to −1.5 < ∼ [Fe/H] < ∼ −0.7), the lithium abundance depends quasi-linearly on mass and Z as given in Eq. (2). It remains to be seen if stellar models dealing with lithium destruction and depletion can reproduce this derived relation. Furthermore, it is an open question why a few stars have a much lower lithium abundance than predicted by Eq. (2).
Extrapolating the derived relation between A(Li), M, and Z to Z = 0 yields a lithium abundance close to the value predicted from standard BBN calculations and the WMAP baryon density. It is, therefore, tempting to suggest that halo stars with metallicities 0.001 < ∼ Z < 0.006 and masses 0.7 < M/M ⊙ < 0.9 formed with a lithium abundance close to the primordial value and that lithium in their atmospheres has later been depleted with an almost linear dependence on mass and Z. This suggests that the solution of the 'lithium problem' is to be obtained by getting a better understanding of how lithium in the atmospheres of metal-poor F and G main-sequence stars is depleted by diffusion and mixing processes. It seems unlikely that the solution is to be found in terms of non-standard BBN or astration of lithium in an early generation of massive stars.
For stars more metal-poor than Z ≃ 0.001, the lithium abundance is lower than predicted by Eq. (2), and it is puzzling that stars with −2.5 < [Fe/H] < −1.5 on the Spite plateau have the same Li abundance for masses in the range 0.75 < M/M ⊙ < 0.82 (Meléndez et al. 2010, Fig. 5 ). For stars with [Fe/H] < −2.5, the lithium abundance seems to vary from star to star depending perhaps on stellar mass . High-precision homogeneous values of A(Li), M, and Z are needed for a larger sample of stars spanning the whole metallicity range of the Galactic halo, in order to learn more about depletion of lithium in metal-poor stars.
As a main result of this work, we find no significant difference in the lithium abundance of stars probably formed in situ in the inner parts of the Galaxy and stars accreted from dwarf galaxies. This underlines the universality of lithium abundances. Metal-rich halo stars were apparently formed with the same initial Li abundance, and in the course of their evolution the atmospheric Li content has been depleted at a rate depending primarily on stellar mass and metallicity. 
